to the lack of high-resolution techniques for characterizing the molecular structure, dynamics and 23 intermolecular interactions of the wall polysaccharides in these insoluble biomolecular mixtures. We 24 introduced multidimensional solid-state nuclear magnetic resonance (SSNMR) spectroscopy, coupled 25 with 13 C labeling of whole plants, to determine the spatial arrangements of macromolecules in near-26 native plant cell walls. Here we review key evidence from 2D and 3D correlation NMR spectra that 27 show relatively few cellulose-hemicellulose cross peaks but many cellulose-pectin cross peaks, 28 indicating that cellulose microfibrils are not extensively coated by hemicellulose and all three major 29 polysaccharides exist in a single network rather than two separate networks as previously proposed.
30
The number of glucan chains in the primary-wall cellulose microfibrils has been under active debate 31 recently. We show detailed analysis of quantitative 13 C SSNMR spectra of cellulose in various wild-Introduction involved chemical extractions followed by sugar analysis and microscopic imaging, which are limited 87 by significant perturbation of the wall structure and insufficient spatial resolution (Mccann et al., 1995;  88 Mccann et al., 1990; Talbott and Ray, 1992 cellulose (Kono et al., 2003; Kono and Numata, 2006) . These data indicate that the anhydroglucose 96 residues in the two cellulose allomorphs have distinct conformations and are distributed differently in 97 the glucan chains. SSNMR has also been used to investigate polysaccharide structures in secondary 98 cell walls (Bardet et al., 1997; Dupree et al., 2015) , protein cross linking in soybean cell walls 99 (Cegelski et al., 2010) , and effects of hydration on polysaccharide mobility in onion cell walls 100 (Hediger et al., 1999; Hediger et al., 2002) . However, these SSNMR studies did not give information 101 on cellulose interactions with matrix polysaccharides in primary cell walls.
contacts both pectins and xyloglucan (Dick-Perez et al., 2011; Wang et al., 2012) . Similarly, we 114 observed cellulose-GAX cross peaks in the cell wall of the model grass Brachypodium, which provide 115 new insight into polysaccharide interactions in grass cell walls. The major findings of these SSNMR 116 studies are summarized in Table 1 .
118
The C4 chemical shifts of most native celluloses exhibit two resolved bands centered at 89 ppm 119 and 85 ppm, which have long been attributed to interior and surface chains of the microfibril, 120 respectively (Earl and VanderHart, 1981) . The relative intensities of these surface and interior cellulose 121 peaks were recently used together with X-ray diffraction and computational modeling to constrain the 122 cross-sectional area of cellulose microfibrils in plants, resulting in structural models with as few as 15 123 chains and as many as 25 chains (Fernandes et al., 2011; Kennedy et al., 2007; Newman et al., 1996; 124 Newman et al., 1994; Newman et al., 2013; Thomas et al., 2013) . These estimates are much smaller 125 than the original 36-chain model proposed based on the hypothesized number of cellulose-synthase 126 proteins in the plasma membrane (Guerriero et al., 2010; Scheible et al., 2001; Taylor, 2008) , and the 127 18-chain model was particularly guided by emerging biochemical data indicating the stoichiometry of 128 the different cellulose synthases in hexameric rosettes and computational modeling of the cellulose 129 synthase structure (Hill et al., 2014; Sethaphong et al., 2013) . amylase. All cell wall samples for these SSNMR studies were well hydrated (40-80 wt% water): the 144 first samples involved freeze-drying of the wall followed by rehydration (Dick-Perez et al., 2011; 145 Wang et al., 2012) , while subsequent samples were never dried White et al., 2014) .
146
Our recent comparison of the rehydrated and never-dried cell walls found that polysaccharides 13 C 147 chemical shifts, nuclear-spin relaxation times, and intermolecular cross peaks are indistinguishable 148 (Wang et al., 2015a) , indicating that the molecular-level structure and dynamics of wall NMR spectra with sugar analysis results (Dick-Perez et al., 2011; White et al., 2014) have been observed (Wang et al., 2012) and dramatic improvement of spectral resolution is seen for C-13 C J-couplings, which becomes less important at higher magnetic fields.
206
Using the C1 region of the 2D J-INADEQUATE spectra as an example, the 900 MHz spectrum 207 resolves at least 14 peaks while the 400 MHz spectrum resolves only ~10 peaks (Fig. 1) 
Intermolecular cross peaks of primary cell wall polysaccharides

229
The assignment of most polysaccharide 13 C chemical shifts allowed us to determine et al., 2004) . Since in-vitro assembly data showed that XyG has a stronger affinity for 244 cellulose than pectins, these SSNMR data imply that in-vivo wall assembly is quite different from in-245 vitro assembly, and pectins and hemicellulose may compete for cellulose binding sites in ways that are 246 not replicated in vitro (Wang et al., 2015a) . 247 248 It is noteworthy that most cellulose-pectin cross peaks observed in the intact cell wall are 249 retained in a sample in which ~40% of HG had been extracted (Fig. 2a, b ) (Wang et al., 2015a) . This 250 means that the cellulose-pectin spatial contacts are not due to molecular crowding; rather, RG-I and 251 some of the HG are responsible for contacting cellulose. These findings are consistent with the 252 observation that cellulose-pectin cross peaks are also independent of hydration and temperature, and 253 together suggest that the interactions between pectins and cellulose are specific, and some pectins may 254 be entrapped inside or between the microfibrils (Wang et al., 2015a) . Therefore, pectins may play 255 more important roles in wall biomechanics than depicted in the traditional tethered-network model.
256
Indeed, recent biochemical data showed that arabinans and galactans interact strongly with cellulose 257 (Zykwinska et al., 2007) , and XyG-deficient cell walls exhibit almost normal development as wild-258 type cell wall (Cavalier et al., 2008) .
The matrix polysaccharides of grass primary cell walls differ chemically from those of dicot 261 primary walls (Carpita, 1996; Carpita and Gibeaut, 1993) . In the two-week-old Brachypodium primary 262 walls, the main matrix polysaccharide is highly branched GAX chain, the surface-interior cellulose cross-peak intensity in the 2D spectra serves as an internal control 279 of the extent of intermolecular contacts between matrix polysaccharides and cellulose. We found that 280 25-50% of surface cellulose contacts pectins (Wang et al., 2012) . This is a very significant percentage 281 not predicted by existing cell-wall structural models. sections still retain their different intensity distributions . These results indicate that 339 some interior glucan chains are separated from the surface chains by more than the distance reach of 340 13 C spin diffusion. Thus, there are two types of interior cellulose chains: a core (c) fraction that is not 341 in direct contact with the surface, and a bound (b) fraction that is (Fig. 3c) . This result dovetails an 342 earlier structural model based on spectral deconvolution, which suggested the presence of a para-343 crystalline layer between the microfibril surface and the crystalline core (Larsson et al., 1999) . The C6 344 of the two interior cellulose fractions resonates at slightly different chemical shifts, 65.5 ppm for the 345 core cellulose and 64.8 ppm for the surface-bound interior cellulose (Fig. 3d) , suggesting that the 346 hydroxymethyl conformation depends on the location of the interior chains, with the core cellulose C6 347 chemical shift corresponding to that of a trans-gauche (tg) conformer (Vietor et al., 2002) . The
348
Brachypodium result is reproduced in the Arabidopsis cell wall (Fig. 4) , which also exhibits different The core cellulose has two resolved cC1 peaks at 105.5 and 104.0 ppm ( the intensity analysis is straightforward. We integrated the interior cellulose C4 (iC4) peak, the Ara C1 414 peak, and the mixed peak of surface cellulose C4 (sC4), Ara C2 and C4 (Fig. 5a) State University and the University of Kentucky gave (s + G) : i ratios of 1.8 -1.9 (Fig. 5c, d) . When 427 the majority of matrix polysaccharides were digested by sequential treatments with CDTA, Na 2 CO 3 , 428 XEG, Cel12A and 1 M NaOH (White et al., 2014) , the intensity ratio decreased to 1.5. Since residual core domain, instead all interior chains contact the surface chains, which is inconsistent with the long-450 mixing-time 2D spectra shown in Fig. 3 and Fig. 4 . Thus, both the quantitative 13 C spectra and the 2D PDSD spectra indicate that the cellulose microfibrils in plant primary walls must be sufficiently large 452 to contain at least 24 chains.
454
Transmission electron microscopy, atomic force microscopy, X-ray scattering, and SSNMR 455 data of plant primary walls generally indicate that the lateral dimension of the cellulose microfibrils is 456 2-5 nm (Guerriero et al., 2010) . In terms of the number of glucan chains, the earliest proposal of 36- The quantitative s : i ratios obtained from these SSNMR spectra place important constraints on 483 the cellulose structural model. Our findings that some interior chains are more than one chain away 484 from the nearest surface chains, together with the reduced s : i ratios of 1.2-1. Supplementary Fig. S1 . Relationship of the chain number and s : i ratio of cellulose microfibrils.
504
Supplementary Fig. S2 . Cellulose microfibril models with various chain numbers and s : i ratios. (Wang et al., 2013) GAX and cellulose have sub-nanometer spatial contacts in Brachypodium cell walls.
Short-CP PDSD, 13 C-T 1 , 1 H-T 1ρ Use water to probe the structure of intact and digested walls.
Water-polysaccharide spin diffusion (White et al., 2014) Intermolecular cross peaks can be selectively detected in a new 2D 13 C correlation experiments. T 1 -compensated PDSD (Wang et al., 2015b) Cellulose-pectin spatial contacts are inherent the primary walls, independent of the hydration history. Never-dried and rehydrated walls show the same cellulose-pectin cross peaks.
13 C-1 H MELODI-HETCOR (Wang et al., 2015a) Representative cellulose cross sections of interior and surface cellulose exhibit different intensity patterns. The difference spectra (purple) were obtained after normalizing the two spectra by the sC4 peak. The surface cellulose cross section has contribution from Ara and XyG backbone, but the difference spectra mainly show signals of interior cellulose. (c) C1 and C6 regions of the cellulose cross sections and the difference spectra. Core cellulose C1 shows two peaks at 105.5 ppm and 104.1 ppm, and core cellulose C6 (cC6) exhibits a 0.3-ppm downfield shift from the average interior cellulose C6 (iC6) and 0.6-ppm downfield shift from the surface-bound interior cellulose (bC6). C DP spectra of 13 C-labeled primary cell walls at ambient temperature. All spectra were measured with recycle delays of 15 to 25 s, except for the xxt1xxt2xxt5 sample, which was measured with recycle delays of 10 s. (a) Spectra of grass cell walls with negligible amounts of XyG. Two grasses, Brachypodium distachyon (top) and Poa annua (bottom), were measured. The Ara C1 (AC1) and interior cellulose C4 (iC4) peaks are highlighted in green and red, respectively. The mixed peaks of surface cellulose C4 and Ara C2 and C4 are shaded in grey. The integrated intensities were used to calculate the surface : interior cellulose ratio (s : i). Grass has a small s : i ratio of 1.3 -1.4, indicating at least 24 glucan chains (see Representative cellulose cross sections of interior and surface cellulose exhibit different intensity patterns. The difference spectra (purple) were obtained after normalizing the two spectra by the sC4 peak. The surface cellulose cross section has contribution from Ara and XyG backbone, but the difference spectra mainly show signals of interior cellulose. (c) C1 and C6 regions of the cellulose cross sections and the difference spectra. Core cellulose C1 shows two peaks at 105.5 ppm and 104.1 ppm, and core cellulose C6 (cC6) exhibits a 0.3-ppm downfield shift from the average interior cellulose C6 (iC6) and 0.6-ppm downfield shift from the surface-bound interior cellulose (bC6). C DP spectra of 13 C-labeled primary cell walls at ambient temperature. All spectra were measured with recycle delays of 15 to 25 s, except for the xxt1xxt2xxt5 sample, which was measured with recycle delays of 10 s. (a) Spectra of grass cell walls with negligible amounts of XyG. Two grasses, Brachypodium distachyon (top) and Poa annua (bottom), were measured. The Ara C1 (AC1) and interior cellulose C4 (iC4) peaks are highlighted in green and red, respectively. The mixed peaks of surface cellulose C4 and Ara C2 and C4 are shaded in grey. The integrated intensities were used to calculate the surface : interior cellulose ratio (s : i). Grass has a small s : i ratio of 1.3 -1.4, indicating at least 24 glucan chains (see i ratios. For each model, glucan chains from core cellulose (magenta), surface-bound cellulose (red) and surface cellulose (orange) are depicted. Structural models with 18 or fewer chains correspond to s : i ratios of 2.0 or higher and lack core cellulose, which are inconsistent with the experimental data.
